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I. TINTRODUCTION

Several recent models have explained the effect of pressure on
ballistic properties as due to an assumed change in the microscopic
processes that determine the extensive properties (1,2). Each model
assumes that an initial unimolecular decomposition reaction is the
rate-determining step over the entire pressure regime peculiar to the
macroscopic process, Both models assume that external pressure causes
a major change in the rate of this decomposition reaction, thereby
controlling the ballistic phenomena. This report describes an analytical
study of the effect of pressure on the thermal decomposition of a ni-
trate ester, n-propyl nitrate. The results of the study demonstrate
that the pressure-dependence of this reaction rate cannot explain the
observed burning rate behavior of nitrate esters.

The second section of this report describes the chemical reaction
being investigated and the methods used to perform the analytical study.
This research involves the application of the Rice-Ramsperger-Kassel-
Marcus (RRKM) theory to predict the rate constant for the decomposition
reaction as a function of pressure. The third section describes the
parameters used to describe the reacting system, and provides details of
the kinetics calculations. A final section provides a comparison of the
RRKM results and the observed burning-rate behavior, and contains
comments on the validity of the assumptions that underly the RRKM
theory. Several appendices provide information about portions of the
calculation that deserve detailed explanation.

IT. UNIMOLECULAR REACTION RATE THEORY

N-propyl nitrate was chosen for study because of good experimental
data on the thermal decomposition reaction. The initial decomposition
reaction is identified as the scission of the nitro-alkoxy bond to
produce two free radicals, NO2 and alkoxy. This unimolecular decom-

position has been studied for n-propyl nitrate using the very low
pressure pyrolysis (VLPP) method (3). An RRKM analysis of the tempera-
ture dependence of the high pressure rate constant has been performed
but no analysis of the pressure-dependence of the unimolecular reac-
tion rate was made (3).

1.7 MM, Tbiricu and F.A. Williams, "Mechanisms for the Steady Defla-
gration of Double-Base Propellants', 12th JANNAF Combustion Meet-
ing, CPIA Publication Number 273, 1976.

2. D.J. Pastine, M.J. Kamlett and $.J. Jacobs, '"Volume and Pressure
Dependence of Some Kinetic Processes in Explosives', Naval Surface
Weapons Center/WOL/TR75-149, 1975,

3. G.D. Mendenhall, D.M. Golden, and S.W. Benson, '"The Very-Low-

Pressure Pyrolysis (VLPP) of n-Propyl Nitrate, tert-Butyl Nitrate,
and Methyl Nitrite. Rate Constants for Some Alkoxy Radical Reactions',
Int. J. Chem. Kinetics, 7, 725 (1975).

7
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The present research consists of an RRKM analysis of the pressure
dependence of the nitrate ester bond-scission reaction. The follow-
ing paragraphs outline the development of RRKM theory. More complete
discussions can be found in books by Forst (4), and Robinson and
Holbrook (5).

A unimolecular decomposition reaction involves a single molecule
that undergoes transformation to a reactive complex by some energization
process, The formation of the complex is a function of intermolecular
energy transfer, often via collision, and intramolecular energy trans-
fer after the collision occurs. Thus, the process is envisioned as

Ky kg
A——am A = —> A —~dproducts., (H

Most modern theories that describe unimolecular decomposition reactions
are based on the Lindeman mechanism (6) which assumes that collisions
between two reactant molecules will produce some energized molecules
with enough energy to react., If conversion of reactant molecules to
energized molecules is slow compared to the rate at which collisional
de-energization occurs, an equilibrium population of energized mole-
cules will exist with concentration proportional to the concentration
of the reactant molecules. Thus the rate constant will be first-order
with respect to reactant concentration. At low pressure, however,
collisions cannot maintain an equilibrium concentration of energized
intermediates, so the rate constant will depend on the rate of ener-
gization which is proportional to the square of the concentration of
reactant molecules. Lindeman's mechanism predicts that at low pressure
the rate constant increases with increasing pressure, but at high pres-
sure the rate constant reaches a limit and remains constant. Although
these predictions are qualitatively correct, numerical studies based on
Lindeman's mechanism yield poor agreement between theory and experiment,

Hinshelwood extended Lindeman's theory and laid the basis for the
development of RRKM theory by suggesting that one needs to consider the
internal degrees of freedom when determining whether a molecule possesses
sufficient energy to react (7). The chance for a molecule to have enough
energy to react increases with the number of degrees of freedom of the
reactant molecule, primarily because of the contribution of the vibra-
tional degrees of freedom.

4, W. Forst, Theory of Unimolecular Reactions, Academic Press, New
York, (1973).

5. P.J. Robinson and K.A., Holbrook, Unimolecular Reactions, Wiley-
Interscience, New York (1972).

6. F.A., Lindeman, title not available, Trans. Faraday Soc., 17,
598 (1922).

7. C.N. Hinshelwood, '"The Theory of Unimolecular Reactions', Proc.
Roy.Soc. (A), 113, 230 (1927).

i
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The final important assumption, suggested simultaneously by Rice
and Ramsperger (8,9) and Kassel (10}, is that the rate of decomposition
of the energized molecule is a function of the energy of the species.
The species will not decompose unless it possesses a minimum internal
energy, called the critical energy Eo' and will react at a rate that

increases as a function of the energy it contains in excess of E . The
corollary of this is that if energy is the necessary and sufficient
condition for reaction, it is implied that energy is exchanged among
the internal degrees of freedom. That is, there is intramolecular
energy transfer, The developers of RRKM theory ignore the dynamics of
such transfer, assume that the transfer is a random process, and go on

to develop a statistical theory couched in the language of transition-
state theory (11).

The recaction scheme for the RRKM model is
Sk (E +F +6E ) "
A+M —mi oo A (E *f + 6E ) (2)

< K

*
k (E) *
A*(E*) a > A" k » products, (3)

* * *
The notation E -+E +3E means that the energized molecule has energy

* * *
in the range E to E +8E . The second equation represents the major
feature of the RRKM theory wherein Absolute Rate Theory is applied to

the calculatlon of k (E ) Thus we distinguish between an energized

molecule A and the act1vated complex A’

8. 0.K. Rice and H.C. Ramsperger, "Theories of Unimolecular Reactions
at Low Pressures', J. Amer. Chem. Soc., 49, 1617 (1927).

9. O0.K. Rice and H.C. Ramsperger, "Theories “of Unimolecular Reactions
at Low Pressures - II", J. Amer, Chem. Soc., 50, 617 (1928).

10. L.S. Kassel, Kinetics of Homogenecous Gas Reactions, Chemical
Catalog Co., New York, 1932.

11. R.A. Marcus, "Unimolecular Dissociations and Free Radical Recom-
bination Reactions', J. Chem. Phys., 20, 359 (1952).
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The energized molecule A is a molecule that contains in its

w
active degrees of freedom a non-fixed energy” E greater than the
critical energy E . This non-fixed energy may consist of both

vibrational and rotational energy.

The activated complex A* is a species that is recognizable as
intermediate between reactants and products, and is characterized by
a configuration that corresponds to a position atop a potential
barrier, The total non-fixed energy of the activated complex is E

which is equal to E" less the critical energy E .

The RRKM theory provides the following mathematical expression

for the overall unimolecular rate-constant, kuni’

*
_ kg (B k) p*, g sg ™y %o @
uni o J, Lok, (B )k, M

E =E
o

Using statistical mechanics, expressions for 6kl(E*+E*+SE*)/k2 and
ka(E ) are obtained leading to

') f [Ip (2 ){ exp(-E"/kT)dE"

Kuni * FQQ ®
uni " *
12 % -k, Lk (E )/k [M
with +

¥ 4+ E

* LQ
k (B = R S PELL) (6)
hQ,N (E )
E R0

where

Q1 rotational partition function for the activated complex
Q1 rotational partition function for the reactant

Q2 vibrational partition function for the reactant

h Planck's constant

ZP(EVR) number of quantum states of A* at all energies up to B

* *
N (E ) density of quantum states of A at energy C

L statistical factor or reaction path degeneracy.

#Non-fixed energy is internal energy available for redistribution.

——
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In practice the product kz[M] is replaced by the collisional deactivation
rate,

ky[M] = A Z p ()

where

A, collisional efficiency
Z, collision number
p, pressure.

The RRKM integral is rewritten as a sum, resulting in the follow-

ing working equation for the evaluation of kuni'

: i
L'Q, . o HIPED D) exp(-ET/RT) |
7 kuni = Raqy SXP(-E/RT) AE Z - (8) a
v ' 172 L=1 1+k_(E )/AZp . (O
3 a 1 | F
4 where the energy rclations,
E =E, +E", E" = (i + %)0E; (9) .

TR

have been used. The rate constant will have units sec"1 if the ener-

L T A

gles are expressed in keal mol~! and the constants h and R have the %
values ;
. . 114 -1

h = 9.537 10 kcal mol sec (10)

R = .0019872 keal mol™} k71, (11)

The expressions given in equations 6 and 8 are the expressions used

in our study of the decomposition of n-propyl nitrate. In the follow-~
ing section the methods used to evaluate variables in these expressions
are reviewed and the model used for the n-propyl nitrate calculations
is specified.

: III. RRKM PARAMETERS FOR N-PROPYL NITRATE

There are a number of variables that must be determined hefore
a prediction of k__. can be made. The computation of these variables
requires input in¥Ofmation about the structure and properties of the
4 reactant molecule and the activated complex. In general, information
. about the reactant is available, whereas information about the complex
2 is unknown. TImportant data that are required include:

11
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: 1. Vibrational frequencies f
f 2. Moments of inertia h
é 3. Collision number i
F. 4. Critical energy, E . gt

Vibrational frequencies for the reactant arc needed for calcu-
lation of the vibrational partition function, Qz, and the density of

il

* "
quantum states, N (E ). Vibrational frequencies for the activarted

complex are needed in order to calculate the sum of quantum states of
+

A,

The vibraticnal frequencies for N-propyl nitrate are known, but
thuse for a (ransition state arc neither known nor measurable. Often,
. vibrational frequencies for the transition state can be assigned by
: transfer of data from molecules with analogous structures. In the
case of bond stretching frequencies, bond force constants arc predicted
on the basis of bond-order correlations (12). However, there is no

well-established method for estimating the force constunts for bending
and torsional modes.

)
i
H
H

—"

Benson and O'Neal have tabulated frequencies for stretching and 0
bending modes and used these values for predicting the high-pressure -
A-factors of unimolecular reactions (13,14), :

Any attempt to deduce the properties of the activated complex
leaves some of the variables undetermined. Generally, these variables
re used as adjustable parameters to make the model predict the
correct value for the experimental high-pressure frequency factor.
Mendenhall, Golden and Benson (3) have made no effort to deduce the
properties of the complex siuce it is known that the calculated fall-
off behavior is insensitive to the model used provided that it pre-
dicts the correct value of A_. The high-pressure rate constant, k_,

is given in RRKM theory by the expression,

TR LT

+ 4
kT Qg
k_(RRKM) = L} — —L°2
ho QQ,

exp (-E_/KT) (12)

12, H.S. Johnston, Gas-Phase Reaction Rate Theory, Ronald, New York,
1966.

13. S.W. Benson, Thermochemical Kinetics, Wiley, New York, 1968.

1l4. H.E. O'Neal and S.W. Benson, "The Biradical Mechanism in Small
Ring Compounds", J. Phys. Chem., 72, 1866, 1968.

12
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This implies that the logarithm of the high-pressure frequency factor
is given by

+_+
¥ QQ,
&n A _(RRKM) = ¢n (L e kT/h) +d (T &n RO ) /4T [¢K))]
1%2
+ AS*
= ¢n(L ekT/h) + /R . (14)
A convenient numerical value of this expression is
log, A = 10.753 + log, (LTT) + AS*/ (15)
°g) A, = 10 0810(L' T 4,756 '

. $ ; .
In practice, the value of AS is adjusted so that the high-pressure
frequency factor agrees with the experimental value. The change in
entropy is divided into vibrational and rotational contributions;
$

ASV

+
SV(A ) - SV(A) (16)

$ . +
45, = 8 (A7) - S (A) . (17)
To solve for thesc contributions it is assumed that the vibrations arc
quantum harmonic oscillators and the rotations are classical. The
statistical mechanical expression for the entropy is

$ =R 2nQ + RT Q—%%—Q . (18)

The appropriate expressions to calculate the vibrational and rotational
entropy are

o =[1-ewi-n vy im] ! (19)
. n Qvi (hvi/kT) (20)
dT [exp(hv, /kT)-1]
Q = n'f(snsz/h)S/z(raIbIC)11 (21)
din Qr
T _CT— = 3/2 . (22)
15
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Given these expressions, the use of the RRKM method to study uni-
molecular decomposition kinetics is straightforward. The molecular
parameters chosen by Mendenhall, et al, are given in Table I with one
exception. In this study, the RO-NO2 distance was reduced by .06 A

in both the reactant and the complex. This change has almost no effect
on the overall calculation. The parameters listed yield a value for
the logarithm of the high-pressure A-factor of 16.5. This relatively
high-value is expected because the nitro-molety becomes a free-rotor

in the transition state.

In order to complete the RRKM integration as a function of
pressure, one must specify the collision number, Z, and the collisional
efficiency, A. The experimental apparatus used by Mendenhall, et al,
(3), is claimed to have a collisional efficiency near one. The
collision number, Z, is given by the expression

2= (o2 NJ/R) (8 N, K/ 1/, (23)

with 7 in units Torr™! sec™! when:

o4 = collision diameter (cm)

u = reduced molar mass (g mo1~1

)

T = temperature (K)

Ny = 6.0225 * 103 o171

R = 6.2362 * 107 em® Torr k1 mo1”!

k = 1.3805 * 10716 erg k1.

The temperature used in this study was 600°K, a temperature assumed to
be the surface temperature of a burning double-base propellant. The
collision diameter, O4qr was chosen to be 10'7 cm, slightly greater

than the distance between the most separated atoms in the equilibrium
structure of n-propyl nitrate.
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IV. RESULTS OF THE RRKM INTEGRATION AND
COMPARISON WITH BURNING-RATE DATA

The data given in Table 1 have beon used to estimate values for
ka(E*) and EP(E;R) using the Hase-Bunker computer code (15). These

results and the collision number have been used to evaluate k as

uni
a function of pressure - using a desk-top computer (Tektronix 4051)
to calculate the rate constant, Table II lists the value for kuni as

a function of pressure, and the results are shown in Figure 1. It is
apparent from the figure that the unimolecular rate constant is a
constant for pressures above ~ 400 Torr, or slightly more than one-half
atmosphere. Thus, this research predicts that the rate constant for
the initial scission reaction of this medium-size nitrate ester is
independent of external pressure for pressures above one atmosphere,
for temperatures comparable to those at the surface of a burning pro-
pellant. What does this imply in regard to the burning of nitro-
cellulose?

Nitrocellulose, a polymeric material, possesses an indeterminately
large number of vibrational frequencies. Tt is a characteristic of
unimolecular reactions that as molecules become large, the effect of
pressure on the rate constant disappears; that is, the fall-off region
moves to lower pressure. Consequently, we expect that the effect of
pressure on k. for nitrocellulose decomposition is negligible.

Note, however%n%hat we mean only the initial scission of the nitrate
ester; our results cannot be extended to the decomposition reactions
of secondary radicals formed in the overall chemical kinetic scheme of
nitrocellulose combustion, The next rcpori in this seriss will
demonstrate the crucial role played by pressure-variation for the de-
composition of small radicals,

Given this demonstration of the virtual pressure-independence
of the nitrate-ester bond-scission reaction, it can be concluded that
the pressure-dependence of propellant burning-rate cannot be explaiied
on the basis of this reaction. This conclusion, however, must be
tempered by a consideration of the assumptions made in developing
RRKM theory, assumptions that limit the applicability of the theory.
There are two assumptions made in the statistical development of RRKM
theory.

The first assumption is a corollary of the assumption that energy
is the necessary and sufficient condition for reactions, it is
that the internal energy of the energized molecule is randomly dis-
tributed. If the energy is not randomly distributed, then the high

15. W.L. Hase and D. Bunker, RRKM, Program No. 234, Quantum Chemistry
Program Exchange, University of Indiana, Bloomington, Indiana.
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Figure 1. Plot of the unimolecular rate constant, kun" versus log of
pressure for N-propyl nitrate.
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Table I. Molecular Parameters for N-Propyl Nitrate.

Vibrational frequencies,

Molecule

Complex

cn™}, with degeneracy 3000 (7) 3000 (7)
in parentheses 1600 1600
1450 (4) 1450 (4)
1350 (4) 1350 (4)
1200 1150 (5)
1000 1000 (2)
1150 (4) 720 (2)
750 (3)
350 (4)
250 (3) 125 (6)
100 50 (3)
50 (2)
RO-NO,, bond length,A® 1.407 2.407
Moments of Inertia, amu A°? L 58.1 68.5
Ib 412.3 542.8
Ic 460.8 601.7
I 39,1

Table II. Rate Constant versus Pressure Data for 600°K Decomposition

£ N-Propyl Nitrate.

Pressure (torr)

0.5
1.
10.
20.
100,
200.
400,
1000.
10000,
100000.

k. .
uni
24.858
30.559
44,088
45.902
47.615
47.849
47,969
48.04
48.08
48.09

17
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pressure rate constant will not be constant, but will show an increase
over a finite range of pressure above the limit for the decomposition
of molecules with randomly distributed internal energy. The effect

of non-random distribution of energy has been discussed by Oref (16) and
commented on by Adams and Ward (17), It is unlikely that such an

effect will be observed in molecules such as n-propyl nitrate or
nitrocellulose, since the temperature remains relatively low during

the decomposition process.

The second assumption made in developing RRKM theory is that a
single vibrational potential defines the reaction hypersurface. This
means, in dynamic terms, that the entire reaction proceeds along
a pathway corresponding to a single potential energy surface. The
problem can be understood with the aid of Figure 3, a schematic that
shows the electronic energy for the first three electronic states of
a nitrate ester piotted as a function of the alkoxy-nitro bond length,
The curve labeled Wl corresponds to the energy of the electronic

ground state, while w2 and W, label the first two triplet excited

3
states, (This figure is based on assignments first discussed by
L.E, Harris (18)). Curves W1 and w2 are everywhere separated by an

energy difference, so the state represented by W2 cannot influence the
decomposition of a nitrate ester in state Wl. (It is expected that

all the nitrate ester molecules are initially in the state represented
by Wl). If only states w1 and W2 occur, then the nitrate esters meet

the second criterion for the applicability of RRKM theory. However,
if the state W3 intersects the state Wl, as indicated in the figure,

then the molecule has a curve-crossing in the reaction channel. In
this case, the intersection involves states of different spins, and
coupling between such states is said to be "spin forbidden'. To the
cogniscenti forbidden is a hollow expletive, since many examples of
"spin-forbidden'" reactions proceeding at measurable rates exist, The
curve-crossing shown, if it is real, will have the effect of accelerat-
ing the rate of veaction at high-temperature and pressure. In this
case, the pressure dependence of the nitrate ester decomposition cannot
be determined by RRKM theory.

The question remains, however, does the curve crossing exist?
Harris (18) postulated the crossing on the basis of the diffuse nature
of the electronic spectra of nitrate esters, an interpretation then

16. I. Oref, '"Nonrandomization of Energy in Unimolecular Reaction. The
Effects of High Pressures on the Apparent Rate Constant'', J. Chem,
Phys., 63, 3138 (1975).

17. G.F. Adams and J.R. Ward, '"Assessments of Recent Models for Pressure
and Volume Effects on REzctions of Ballistic Materials', Tech. Rpt.
ARBRL-TR-02055, April 1973, (AD #A054640)

18. L..E. Harris, '"The Lower Electronic States of Nitrite and Nitrate Ton,
Nitromethane, Nitramide, Nitric Acid, and Nitrate Esters', J. Chem.
Phys., 58, 5615 (1973).

18
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ALKOXY - NITRO BOND LENGTH —*

Schematic Representation of the Variation of Electronic
Energy With Bond Length for Several States of a Nitrate
Ester.
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considered quite reasonable. Recently, however, a theoretical analysis
by Pack (19) demonstrated that there are alternative explanations of

diffuse structure in electronic spectra. This being the case, it is 1
rot clear that such a crossing occurs in the electronic structure of

nitrate esters. Experimental (20) and theoretical (21) investigations

of this problem are underway in this laboratory, and a resolution of i
the problem is anticipated, 'q

In any event, such an esoteric perturbation on the decomposition
rate is outside the ranges of validity of the published models for
the effects of pressure on ballistic properties, since both models
were limited to consideration of the effects of pressure on vibra-
tional frequencies. It is concluded, on the basis of the analysis
described in this report, that the initial decomposition reaction
of the nitrate esters contained in double-base propellants cannot be
the rate-determining step for the observed variation of burning-rate
with pressure,

19, R.T. Pack, "Simple Theory of Diffuse Vibrational Structure in f
Continuous UV Spectra of Polyatomic Molecules. I.'", J. Chem. Phys., s
65, 4765 (1976).

20. R. Beyer, private communication.
21. G.,F, Adams, G.D. Purvis and R.J. Bartlett, unpgblished calculations,
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APPENDIX A. COMMENTS ON DETAILS OF THE RRKM CALCULATION

w
The working expressions for kuni and k, (E ) are repeated here for

convenience,

) A 5 /) m;x (1P(Eyp)} exp(<E"/RT) oy

. B g  eXp(~ RT) AE' .
uni - hQ,Q, ° i=1 [1 + ka(h )/AzZP .

+

* L*Ql+ vR R

kg(B) = ——==~ [ P(Ep) : (A.2)
hQ,N (E ) o+ _
1 E,p=0

For the sake of completeness, the methods used to evaluate the sums and
densities of molecular quantum states should be outlined. Application
of the RRKM method is critically dependent in the methods used to
evaluate the density of'quantum states N*(E*R) for the reactant A and

the sum of quantum states ZP(E R) for the postulated activated complex

A", ‘the computation of N and IP" for n-propyl nitrate was performed
using the semiclassical method developed by Whitten and Rabinovitch (1),
and this method will be described briefly,

The density of quantum states N(E) can be obtained from the sum of
quantum states W(E) = IP(E) by differentiation with respect to energy.
That is

so we need only find a differentiable form for W(E).

For a set of s

oscillators, each set of quantum numbers vy gives rise to nne quantum

state,

The total number of states at all energies up to and including

E, is given by,

# We shall hereafter adapt the notation W(E)
superscripts,

= L P(E), and omit

1.  G.Z. Whitten and B.S. Rabinovitch, "Accurate and Facile Approxi-

mation for Vibrational Energy-Level Sums',

J.Chem, Phys, 38, 2466

(1963).
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PoPEY = ] y veey 1 (A.4)
E

vso vS=0 v5“1=0 v,=0

where the summation is taken over all v, such that the total vibrational
energy is less than or equal to E . In the classical approximation,
this sum is replaced by an integral over the occupation number, vy

The evaluation of the integral is given by Robinson and Holbrook ~(2),
in Appendix 6, and the result is

ES
v

W(EV) = p(Ev) ~ é.'Hhvi ' (A.6)

Marcus and Rice (3) extended the classical treatment by suggesting that
an oscillator with non-fixed energy Ev has a total vibrational energy

above the ground state of EV+EZ, where Ez is the zero-point vibrational
energy. Modification of the classical expressions (A.5) and (2a) yields

(E +E )°
V) = 5 r.7
1
s=1
_ (Ev+Ez) . (A.8)

NESD = Ty TRy,

These expressions, though more accurate than the classical approximations,
always overestimate the number of states at any level. An improved

version of the semiclassical expressions has been developed by Rabinovitch
and co-workers.

It was suggested that only a fraction of the zero-point energy
should be added to the vibrational energy E_. An empirical factor a
was introduced to multiply E_ in equations ' (A.7) and (A.8). Whittien
and Rabinovitch discovered a“relation between the parameter, a, and a
modified frequency dispersion parameter, B, defined by

5-1 <v%>

G

B = — . fA.9
S ap? A9
The relation is
/

a=1-8¢*w(E) (A.10)

2. P.J. Robinson and K.A. Holbrook, Unimolecular Reactions, Wiley-
Interscience, New York (1972).

3. R.A, Marcus and 0.K. Rice, "The Kinetics of the Recombination of

Methyl Radicals and Todine Atoms', J. Phys. and Colloid. Chem.,
55, 894 (1951).
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E
where B! = v/E , and w(E’) is a function of E' defined by
2

1§

E,0.5

(0.1 <E <1.00 we= (S.E + 2,73 + 3.51)"1 (A.11a)

(1.0<E <8.0) w g 025

0"

exp(-2,4191 ) (A.11b)

The molecular frequencies are used to calculate 8 and Ez, and then for
a non-fixed energy Ev' the reduced energy E' is calculated and used

to obtain w(E’). Given this data, the parameter a and the sum of states
can be computed. The density of states can then be computed using the

expression
, 1 S5-1
N(E.) = EEX:?EElA‘a 1-8 dw
v (s-l)!ﬂhvi dE/

where (%‘;—5’1) is obtained by differentiating (A.lla) and (A.llb).

The Whitten Rabinovitch method has been thoroughly tested, and the
results are in good agreement with the direct-count for non-fixed
energies E greater than E_, and often for lower energies. Whitten
and RabinoVitch have extended the treatment to include the case where
active rotations need to be taken into account. Again, the equations
suggested have been widely tested and the results appear to be good
approximations to N(Evr) and N(Evr).

APPENDIX B: DATA FORMAT FOR RRKM

The computer code RRKM is stored as an UPDATE file on the BRL
Cyber 173. This code can be used by submitting the following deck of
cards,

JOBCARD

ACCOUNTING CARD

ATTACH (QLDPL,RRKM, ID-GEOFADAMS)
UPDATE (F)

FIN,I.

LGO,

*EOR

* 1D, (MARY) +« arbitrary choice of ID
*EOR

DATA

10, *EOI.

«

[ToRe SN BYo W d 2 BTN FL I SIS g

* *
This job will produce values for N(E ), W(E') and k_(E'). These data
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can be used to calculate kuni as a function of pressure by solving

equation (A.1). Unless one has substantial experience with such ‘
computations, it is recommended that the computation of Kini be carried

out on a desk-top computer or as an interactive exercise on a terminal.
By following this procedure, one need not compute kuni for an excessive

pressure range. Users are, however, invited to disagree with this
philosophy.

The data required to perform a standard RRKM calculation is as
follows:

1. Format 3F 10.0, 15, F10.0. A card with Eo (threshold energy),
*
E (lowest molecular energy used in the calculati. .s), aE" (upward
increment of same), n, the number of successive molecular energies for
which the calculation will be made, and op, the statistical factor.

2, Two title cards. Say anything you like.

3. Format 2I10. e, the number of reactant frequencies and n.s
the number of free internal rotors.

4, Format 7F10,.0, The ne molecular frequencies, seven per card.
Units, em™ 2,
5. Reduced moments of inertia for the internal rotors of the

reactant. Units amu A°%. Format 7F10.0. Omit this card if N, = 0.

6. Symmetry numbers corresponding to item 5. Same format.
Omit if n,=0.

7. Format, I10. KROT=0,

8. FORMAT, 3F.10. Three overall moments of inertia for the
reactant; units amu»Az.

9. FORMAT, I10. NANH=0,
10. FORMAT, 2I10. JDEN=0, JSUM=0.
11. FORMAT, T10. NCRIT=0.

12.  FORMAT, 2T10. n; and n

‘s : . + +
critical configuration, ng *+ N,

. » same as item 3 but for the
Nf + Nr - 1.

(I3 S

13, Frequencies, like item 4 except for critical configuration.

“”wwwwwwwwwwwwMMMWMMwmmMMMﬁWW
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14, Reduced moments, like item 5, except for critical con-
figuration,

15. Symmetry numbers, like item 6, except for critical con-
figuration.

16. The overall moments of inertia for the critical configuration

as in item 8. Ix’ Iy’ and Iz sequence must be the same as for the
molecule,

17. Format F10.0. Rotational temperature for adiabatic
rotations, K.

18. Format IL0. NTRAN = O,

Input may be stacked. To stop the program add a blank card after
item 18,

27

i




REFERENCES

1. G.Z. Whitten and B.S. Rabinovitch, '"Accurate and Facile Approxi-
mation for Vibraticnal Energy-Level Sums™, J. Chem. Phys. 38,
C 2466 (1963),

2. P.J. Robinsor and K.A., Holbrook, Unimolecular Reactions, Wiley-
Interscience, New York (1972).

3. R.A. Marcus and 0.K. Rice, "The Kinetics of the Recombination of
Methyl Radicals and Iodine Atoms', J. Phys. and Colleid. Chen,,
55, 894 (1951).

Y T

28

TN oS A T A A




DISTRIBUTION LIST

No. of No. of _
Copies Organization Copies Organization
12 Commander 1 Commander

Defense Documentation Center
ATTN: DCC-~TCA

Cameron Station

Alexandria, VA 22314

Director

Defense Advanced Research
Projects Agency

ATTN: C.R., Lehner

1400 Wilson Boulevard

Arlington, VA 22209

Director
Institute for Defense Analyses
ATTN: H. Wolfhard
R.T. Oliver
400 Army-Navy Drive
Arlington, VA 22202

Commander

US Army Materiel Development
and Readiness Command

ATTN: DRCDMD-ST, N. Klein

5001 Eisenhower Avenue

Alexandria, VA 22333

Commander

US Army Aviation Research and
Development Command

ATTN: DRSAV-E

P.0. Box 209

St. Louis, MO 63166

Director

US Army Air Mobility Research
and Development Laboratory

Ames Research Center

Moffett Field, CA 94035

Commander

US Army Electronics Research §
Development Command

Technical Support Activity

ATTN: DELSD-L

Ft. Monmouth, NJ 07703

US Army Communications Rsch
and Development Command

ATTN: DRDCO-S5GS

Ft. Monmouth, NJ 07703

1 Commander
US Army Missile Research and
Development Command
ATTN: DRDMI-R
Redstone Arsenal, AL 35809

1 Commander
US Army Missile Materiel
Readiness Command
ATTN: DRSMI-AOM
Redstone Arsenal, AL 35809

1  Commander
US Army Tank Automotive Research
and Development Command
ATTN: DRDTA-UL
Warren, MI 48090

1 Commander
US Army Armament Materiel
Readiness Command
ATTN: DRSAR-LEP-L, Tech Lib
Rock Island, IL 61299

S Commander
US Army Armament Research §
Development Command
ATTN: DRDAR-TSS (2 cys)
DRDAR-IC, Dr. Kemmy
Dr. Jack Alster
Dr. J. Sharma

Dover, New Jersey 07801

6 Commander
US Army Armament Research and
Development Command

ATTN: DRDAR-LCE-CI, J. Lannon
DRDAR-LC, J.P, Picard
DRDAR-LCE, C. Lenchitz
DRDAR-LCE, R.F. Walker
DRDAR-SCA-CC, C. Dickey
DRDAR-SCA-PP, L. Stiefel

Dover, New Jersey 07801

29

A A




v-w\w

DISTRIBUTION LIST

No. of No. of
Copies Organization Copies Organization
1 Chief, Benet Weapons Lab 2 Commender

LCWSL, USAARRADCOM
ATTN: DRDAR-LCB-RD, R, Thierry
Watervliet, NY 12189

Commander

US Army White Sands Missile
Range

ATTN: STEWS-VT

White Sands, NM 88002

Commander

US Army Materials and Mechanics
Research Center

ATTN: DRXMR-ATL

Watertown, MA 02172

Commander

US Army Natick Research and
Development Command

ATTN: DRXRE, D. Sieling
Natick, MA 01762
Director

US Army TRADOC Systems

Analysis Activity
ATTN: ATAA-SL, Tech Lib
WSMR, NM 88002

Commander

US Army Research Office
ATTN: Tech Lib

P.0. Box 12211

Research Triangle Park, NC
27706

Chief of Naval Research
ATTN: Code 473

800 N. Quincy Street
Arlington, VA 22217

Commander
US Naval Sea Systems Command
ATTN: J.W, Murrin (NAVSEA-0331)

1

1

2

National Center, Bldg. 2, Rm 6E08

Washington, DC 20360

30

US Naval Surface Weapons Center
ATTN: 8.J. Jacobs/Code 240
Code 730
Silver Spring, MD 20810
Commander
US Naval Surface Weapons Center
ATTN: Library Br, DX-21
Dahlgven, VA 22448

Commander

US Naval Underwater Systcms
Center

LEnergy Conversion Department

ATTN: R.S. Lazar/Code 5B331

Newport, RI 02840

Commander
US Naval Weapons Center
ATTN: R, Derr
C. Thelen
China Lake, CA 93555
Commander
US Navai Research Laboratory
ATTN: Code 6180
Washington, DC 20375
Superintendent
US Naval Postgruduate School
ATTN: Tech Lib
David Netzer
Allen Fuhs
Monterey, CA 93940

Commander

US Naval Ordnance Station
ATTN: A. Roberts

Tech Lib

Indian Head, MD 20640
AFOSR
ATTN: J.F. Masi
B.T. Wolfson

Bolling AFB, DC 20332

ﬁﬁw

i

i
;
3
H]




DISTRIBUTION LIST

No. of No. of
Copies Organization Copies Organization
3 AFRPL (DYSC/D. George, 1 General Electric Company
J.N, Levine, W. Roe) Armament Department
Edwards AFB, CA 93523 ATTN: M. J. Bulman
Lakeside Avenue
1 Jet Propulsion Laboratory Burlington, VT 05402
ATTN: Leon Stromd, Bldg 125
4800 Oak Grove Drive 2 Hercules Incorporated
Pasadena, CA 91103 Alleghany Ballistic Laboratory
ATTN: R, Miller
1 Aercjet Solid Propulsion Co, Tech Lib
ATTN: P. Micheli Cumberland, MD 21501
Sacramento, CA 95813
1 Hercules Incorporated
Bacchus Works
1 ARO Incorporated ATTN: M. Beckstead
ATTN: ~N. Dougherty Magna, UT 84044
Arnold AFS, TN 37389 ’
1 Hercules Incorporated
1 Atlantic Research Corporation Eglin AFB Laboratory
ATTN: M. K. King ATTN: R. L. Simmons
5390 Cherokee Avenue P. 0. Box 1646
Alexandria, VA 22314 Eglin AFB, FL 32542
1 AVCO Corporation 1 IITRI ,
AVCO Everett Research Lab Div ATTN: M. J. Klein
ATTN: D. Stickler 10'West 35th Street
2385 Revere Beach Parkway Chicago, IL 60615
Everett, MA 02149 1 Lockheed Palo Alto Rsch Labs
\ ATTN: Tech Info Ctr
2 Calspan Corporation 3521 Hanover Street
ATTN: E. B, Fisher Palo Alto, CA 94304
A. P, Trippe
P,0. Box 235 1 0Olin Corporation
Buffalo, NY 14221 Badger Army Ammunition Plant
ATTN: J. Ramnarace
1 ENKT Corporation Baraboo, WI 53913
ATTN: M. I, Madison
9015 Fulbright Avenue 1 O0lin Corporation
Chatsworth, CA 91311 New Haven Plant
ATTN: R. L. Cook
1 Foster Miller Associates, Inc, D. W. Riefler
ATTN: A. J. Erickson 275 Winchester Avenue
135 Second Avenue New HaVEH, CT 06504
Waltham, MA 02154 1 Paul Gough Associates, Inc.
. ATIN: P. S. Gough
1 General Electric '

Flight Propulsion
ATTN: Tech Lib
Cincinnati, OH 45215 31

<lnt

P. 0. Box 1614
Portsmouth, NH 03801

gl




o il

DISTRIBUTION LIST

No. of No. of
Copies Organization Copies Organization
1  Physics International Company 2  Thiokol Corporation
2700 Merced Street Wasatch Division
Leandro, CA 94577 ATTN: John Peterson
Tech Lib
1 Pulsepower Systems, Inc. P.0. Box 524
ATTN: L.C. Elmore Brigham City, UT 84302
815 American Street
San Carlos, CA 94070 1 TRW Systems Gvoup
ATTN: H, Korman
1 Science Applications, Inc. One Space Park
ATTN: R.B. Edelman Redondo Beach, CA 90278
23146 Cumorah Crest
Woodland Hills, CA 91364 2 United Technology Center
ATTN: R. Brown
2 Rockwell International Corp. Tech Lib
Rocketdyne Division P.0. Box 358
ATTN: C. Obert Sunnyvale, CA 94088
J.E. Flanagan
6633 Canoga Avenue 1 Universal Propulsion Co.
Canoga Park, CA 91304 ATTN: H,J. McSpadden
P.0. Box 546
2 Rockwell Internation Corp, Riverside, CA 92502
Rocketdyne Division
ATTN: W. Haymes 1  Battelle Memorial Institute
Tech Lib ATTN: Tech Lib
McGregor, TX 76657 505 King Avenue
Columbus, OH 43201
1 Shock Hydrodynamics, Inc.
ATTN: W.,H. Anderson 1 Brigham Young University
4710-16 Vineland Avenue Dept of Chemical Engineering
North Hollywood, CA 91602 ATTN: R. Coates
Prove, UT 84601
i Thiokol Corporation
Elkton Division 1 California Institute of Tech
ATIN: E. Sutton 204 Karman Lab
Elkton, MD 21921 Mail Stop 301-46
ATTN: F.E.C. Culick
3 Thiokol Corporation 1201 E. California Street

Huntsville Division Pasadena, CA 91125
ATTN: D. Flanigan
R. Glick 1 Case Western Reserve Univ.
Tech Lib Division of Aerospace Sciences
Huntsville, AL 35807 ATTN: J. Tien

Cleveland, OH 44135

32




el LU

DISTRIBUTION LIST

No. of No, of
Copies Organization Copies Organization
3 Georgia Institute of Technology 2 Purdue University

School of Aerospace Engineering
ATTN: B, T. Zimm

E. Price

W. C. Strahle
Atlanta, GA 30332

The Johns Hopkins Univeisity

Applied Physics Laboratory

Chemical Propulsion Infor-
mation Agency

ATTN: T, Christian

Johns Hopkins Road

Laurel, MD 20810

Lehigh University

Department of Mechanical
Engineering

ATTN: A, MacPherson

Allentown, PA 18Q15

Massachusetts Institute of
Technology

Department of Mechanical
Engineering

ATTN: T. Toong

Cambridge, MA 02139

Pennsylvania State University
Applied Research Laboratory
ATTN: G. M. Faeth

P.0. Box 30

State College, PA 16801

Pennsylvania State University

Department of Mechanical
Engineering

ATTN: K. Kuo

University Park, PA 16801

Princeton University
Forrestal Campus Library
ATTN: L. Caveny

Tech Lib
P.0. Box 710

Princeton, NJ 08540 33

School of Mechanical Engineering
ATTN: J., Osborn
S. N. B. Murthy
TSPC Chaffee Hall
West Lafayette, IN 47906

Southwest Research Institute
Fire Research Section

ATTN: W, H, Mclain

P.0, Drawer 28510

San Antonio, TX 78228

Stanford Research Institute
Propulsion Sciences Division
ATTN: Tech Lib

333 Ravenswood Avenue

Menlo Park, CA 94024

Stevens Institute of Technology
Davidson Laboratory

ATTN: R. McAlevy, III

Hoboken, NJ 07030

Texas Technological College
Department of Chemistry
ATTN: Dr. T. O'Brien
Lubbock, TX 79406

University of California,
San Diego

AMES Department

ATTN: F. Williams

P.0. Box 109

La Jolla, CA 92037

University of Illinois

Department of Aeronautical
Engineering

ATTN: H, Krier _

Transportation Building, Rm 105

Urbana, IL 61801




DISTRIBUTION LIST

No. of
Copies Organization

1 University of Minnesota
Dept of Mechanical Engineering
ATTN: E. Fletcher
Minneapolis, MN 55455 .

2 Uriversity of Utah
Dept of Chemical Engineering
ATTN: A, Baer
G. Flandro
Salt Lake City, UT 84112

Aberdeen Proving Ground
Dir, USAMSAA ]

Cdr, USATECOM
ATTN: DRSTE-SG-H

34




